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SECTION 1
PROGRAM OBJECTIVES

1.1 INTRODUCTION

The Design Development and Durability Validation of Postbuckled
Composite and Metal Panels program was initiated in late 1984 by the Air Force
Flight Dynamics Laboratory to specifically address the technology needs for
postbuckled composite and metal structures. This program followed an earlier
Air Force Flight Dynamics Laboratory program (Reference 1) where a design
methodology was developed for postbuckled composite and metal panels under

simple loading conditions.

At the inception of this program an assessment of the current post-
buckled stiffened panel design, analysis and applications technology (Refer-
ences 1 and 2) showed that several deficiencies existed in establishing a sys-
tematic postbuckling design methodology. In Reference 1 a design and analysis
methodology was developed for flat and curved stiffened panels made of either
composite or metallic materials, and subjected to either compression loading
or shear loading. In practice, however, stiffened airframe panels are sub-
jected to a combination of axial compression and shear loads. A semi-empiri-
cal design methodology for curved metal panels under combined loading exists
(Reference 3) but has seen limited verification. The present program was
undertaken to extend the Reference 1 and Reference 3 methods for application
to curved composite panels under combined uniaxial compression and shear

loading, and to further substantiate the metal panel design procedures.
1.2 PROGRAM OBJECTIVES

The overall objectives of the program were to develop validated

design procedures and an analysis capability for curved metal and composite




postbuckled panels under combined uniaxial compression and shear loading. The

specific requirements encompassed by these objectives were as follows:

1. Extend the existing semi-empirical analysis methodology (Refer-
ence 1) into a design tool for curved composite and metal
panels subjected to uniaxial compression and shear loading.

Account for any unique failure modes.

2., Develop a more rigorous energy method based analysis to predict

the displacement and stress fields in postbuckled panels.

3. Develop a static and fatigue data base for composite and metal

panel design verification.
4, Develop a fatigue analysis method for metal panels.

5. Prepare a procedural design guide. Exercise the design guide

on a realistic aircraft component.

All of these requirements were accomplished during the program. The work

performed to accomplish these objectives is documented in Reference 4.

1.3 PROGRAM SUMMARY

The program approach and plan paralleled those in Reference 1. At
the onset, a technology review was conducted to update the data base and to
clearly define the deficiencies in the static strength, durability and damage
tolerance design and analysis of postbuckled metal and composite panels. The
durability and damage tolerance technology assessment is documented in Refer-
ence 2. As a result of this technology assessment, a semi-empirical design
methodology for curved panels under combined loading was established and a
verification test program waé conducted. In addition, an energy method based
approach to predict the static response of postbuckled stiffened panels was
formuiated. This technology assessment was accomplished in Task I of the
program. In Task II, Data Base Development, the tests required to fill the

data gaps identified in Task I were conducted. Analytical model development




and verification was accomplished in Task III. Task IV consisted of technolo-
gy consolidation where the results of the program were incorporated in a

Design Guide (Reference 5) for postbuckled structures.

The composite and metal panels tested in the program were
cylindrically curved and identical to the shear panels tested in Reference 1.
The design methodology initially established from the technology assessment
was used to estimate the buckling and postbuckling load capacities of the
panels. Static and fatigue tests including several static strain surveys were
conducted on the test articles. The static test data were used to verify the
semi-empirical design methodology, whereas the fatigue test data were utilized
to determine the fatigue failure modes and obtain load versus life data to
formulate fatigue analysis approaches. The test results, in conjunction with
the semi-empirical design methodology were used to update the Preliminary

Design Guide (Reference 1),.
1.4 DOCUMENTATION

The detailed results of the program tasks are documented in a multi-
volume final report, a software user’s manual, and a design guide. A list of

all the reports resulting from the program is as follows:

a. WRDC-TR-89-3030, Volume I - Executive Summary (Present Report)
WRDC-TR-89-3030, Volume II - Test Results (Reference 6)

c. WRDC-TR-89-3030, Volume III - Analysis and Test Results
(Reference 4)

d. WRDC-TR-89-3030, Volume IV - Design Guide Update (Reference 5)

e. WRDC-TR-89-3030, Volume V - Automated Data Systems Documentation
(Reference 7)

f. AFWAL-TR-85-3077 - Technology Assessment (Reference 2)

The significant program results and conclusions are summarized in

the following sections.




SECTION 2

PROGRAM RESULTS

2.1 BACKGROUND

An in-depth survey of the semi-empirical design methods for metal
panels and their evolution into a design methodology for curved composite
panels under shear or uniaxial compression loads is given in Reference 1. The
shear panel and compression panel analysis methods of Reference 1 were used as
the starting points for the current program. Initially, the interaction rules
used for metal panels (Reference 4) were adopted to predict buckling under
combined shear and compression loading. Test data were then used to verify
these rules and suggest modifications where necessary. Postbuckling failure
envelopes were developed by accounting for the failure modes possible under
shear loading only, and under pure compression loading. Failure predictions

unde. combined loading were based on test verified interaction criteria.

2.2 DESIGN METHODOLOGY

A complete static analysis of postbuckled structures consists of
predicting the initial buckling loads, the failure or ultimate load of the
panel after buckling, and the local skin and stiffener displacement and stress
fields. The 1latter predictions are especially required for metal panel
fatigue analysis. The semi-empirical methodology detailed in this section can
be used to obtain the initial buckling and the failure loads. The energy
method based analysis 1is wuseful in predicting the local stresses and

displacements.

The semi-empirical analysis method was selected as a design tool for
postbuckled structures to provide a quick, inexpensive, and reasonably accu-
rate but conservative design methodology. The scope of this program encom-
passed cylindrically curved stiffened panels loaded in uniaxial longitudinal

compression and shear.




The essence of the combined loading design procedure is summarized
in Figure 1. As can be seen in the figure, the curved panel is analyzed for
compression and shear loads independently according to Reference 1 methods.
Buckling loads under combined loading are predicted using the well-established
parabolic interaction rule for metal panels. Failure analysis required
consideration of failure modes under shear and compression acting independent-
ly and those due to the interaction of the loads. The failure modes affected
by combined loading were stiffener crippling, and skin rupture under tensile
loading. A linear interaction criterion was developed to predict stiffener
crippling under combined loads and skin strength was determined from a princi-
pal strain analysis and the maximum strain criterion. The design procedure
was coded in a PC-based computer p.rogram called PBUKL to enable rapid design

of post-buckled panels.
2.3 ENERGY METHOD BASED NON-EMPIRICAL ANALYSIS

The semi-empirical analysis of postbuckled panels described above
does not yield the stress and displacement fields required for a fatigue
analysis of the panels. Furthermore, with the semi-empirical analyses, the
complex mechanisms of load transfer before and after buckling such as the
interaction forces between the stiffeners and the web, and the effect of
stiffness changes in the postbuckling range, cannot be modeled. Thus, devel-
opment of a non-empirical analysis to accurately predict the postbuckling
behavior of the panel as a whole, including the web and the stiffeners, was

undertaken.

Based on the survey of non-empirical static analysis methods con-
ducted in Reference 1, the total postbuckling behavior of stiffened panels
loaded in compression or in shear was modeled using the principle of minimum

potential energy. The problem was formulated for a single bay including the

skin, stiffener, and the ring. The stiffeners and the ring are assigned
lumped axial and flexural stiffnesses. The skin is modeled as a curved,
anisotropic laminated plate with a balanced and symmetric layup. A snall

imperfection was also included in the out-of-plane displacement functions.
The in-plane and out-of-plane displacements were assumed and consisted of a

series of admissible trignometric functions with unknown coefficients. The
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unknown coefficients were determined by minimizing the total potential energy

of the single bay panel.

The feasibility of this approach was established by first obtaining
a single mode solution to the problem. The single mode solution was pro-
grammed on a personal computer and proved to be very valuable in selecting the
most dominant postbuckling modes of the panel. These modes were then used in
a multi-mode solution to obtain the panel stresses and displacement fields
with greater accuracy. The multi-mode solution is coded in a computer program

called PACL (Reference 7).
2.4 VERIFICATION TEST DATA

A total of 20 metal and composite panels were tested in the program.
Twelve of these panels (four composite and eight metal) were tested under
fatigue loading and the remainder under static loading. The stat.- test data
were used for analysis verification and the fatigue data to develop a life

prediction model.




SECTION 3

SIGNIFICANT CONCLUSIONS

The significant conclusions from this program are summarized below.

The semi-empirical static design methodology developed in
Reference 1 for postbuckled composite and metal panels under
pure shear or pure compvession loading was extended to panels

under combined uniaxial compression and shear loads.

The methodology was coded in a computer program (PBUKL) for

rapid iterative design of composite and metal panels.

Ultimate panel strength predictions based on the semi-empirical
analysis for composite and metal panels were found to be very

accurate and well suited for design purposes.

Stiffener and skin separation in composite panels was the
observed failure mode under static combined uniaxial compres-

sion and shear loading.

For metal panels under combined compression and shear loading

stiffener crippling was the dominant failure mode.

Postbuckled metal panels were fatigue sensitive and durability
considerations can severely limit the postbuckled operation

range of metal panels.

Composite panels demonstrated a high fatigue threshold relative
to the initial skin buckling loads. Composite panels showed a
greater sensitivity to shear dominated fatigue 1loading as

compared with compression dominated fatigue loading.




The fatigue failure mode in composite panels was separation
between the cocured stiffener and the skin. In particular, the
region at the intersection of the stiffener and the ring was

vulnerable to this failure mode.

Program PACL is an efficient and cost effective tool for
detailed non-empirical analysis of postbuckled metal or compos-
ite panels. As compared to some finite element programs PACL

is 20 times faster.
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